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Abstract
FKBP52 and β-catenin have emerged in recent years as attractive targets for prostate cancer treatment. β-catenin interacts directly with the androgen receptor (AR) and has been
characterized as a co-activator of AR-mediated transcription. FKBP52 is a positive regulator
of AR in cellular and whole animal models and is required for the development of androgendependent tissues. We previously characterized an AR inhibitor termed MJC13 that putatively targets the AR BF3 surface to specifically inhibit FKBP52-regulated AR signaling.
Predictive modeling suggests that β-catenin interacts with the AR hormone binding domain
on a surface that overlaps with BF3. Here we demonstrate that FKBP52 and β-catenin interact directly in vitro and act in concert to promote a synergistic up-regulation of both hormone-independent and -dependent AR signaling. Our data demonstrate that FKBP52
promotes β-catenin interaction with AR and is required for β-catenin co-activation of AR
activity in prostate cancer cells. MJC13 effectively blocks β-catenin interaction with the AR
LBD and the synergistic up-regulation of AR by FKBP52 and β-catenin. Our data suggest
that co-regulation of AR by FKBP52 and β-catenin does not require FKBP52 PPIase catalytic activity, nor FKBP52 binding to Hsp90. However, the FKBP52 proline-rich loop that
overhangs the PPIase pocket is critical for synergy.

Introduction
Androgen receptor (AR)-mediated gene expression contributes to the progression of prostate
cancer (PCa), and, for patients with advanced PCa, standard treatments block AR signaling
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through androgen deprivation or by use of classic AR antagonists. While patients initially
respond to treatment, tumors often recur and develop into castration-resistant prostate cancer
(CRPC) [1]. As a result, the clinically available therapeutic options including androgen deprivation, classic AR antagonists, and inhibitors of de novo steroidogenesis ultimately fail [2, 3].
Given that AR signaling continues to play a role in CRPC, blocking AR signaling through alternative mechanisms remains a relevant therapeutic strategy. Thus, there is a need for the identification, characterization, and therapeutic targeting of novel molecular mechanisms and
regulatory proteins involved in AR activation in PCa.
AR folding and hormone-dependent activation is dependent upon the dynamic, ordered
assembly of heteromeric complexes involving multiple chaperone and cochaperone proteins
(reviewed in [4]), many of which are potential therapeutic targets for prostate cancer treatment
(reviewed in [5]). The final complex in which the receptor is capable of high affinity hormone
binding includes the 90-kDa heat shock protein (Hsp90), the p23 cochaperone, and the
52-kDa FK506-binding protein (FKBP52). FKBP52 is one of a family of tetratricopeptide
repeat (TPR)-containing proteins that associate with the receptor-Hsp90 complex through
direct interaction at the extreme C-terminus of Hsp90. FKBP52 specifically regulates AR, glucocorticoid receptor (GR), and progesterone receptor (PR) activity. Evidence suggests that
FKBP52 regulates multiple steps within the receptor signaling pathway, including hormone
binding and receptor nuclear translocation [6–10]. In agreement with the biochemical and
cellular data, FKBP52 is required for normal male reproductive development and success as
fkbp52-deficient mice display characteristics of partial androgen insensitivity syndrome including dysgenic prostate [6, 11]. Given the critical role of FKBP52 in AR signaling in vitro and in
vivo, FKBP52 has emerged as an attractive target for the treatment of prostate cancer.
While the FKBP52 peptidyl-prolyl cis/trans isomerase (PPIase) catalytic activity is not
required for FKBP52 potentiation of AR activity, the PPIase domain (FK1) is essential. Previous studies demonstrated that the proline-rich loop that overhangs the PPIase catalytic pocket
within the FK1 domain is critical for function and likely represents an interaction surface that,
at least, transiently contacts the receptor hormone binding domain within the AR-chaperone
complex [7, 12]. In addition, mutagenesis studies identified the AR binding function 3 (BF3)
surface as the likely site of FKBP52 regulation, and a molecule that is predicted to bind to the
BF3 surface termed MJC13 specifically inhibits FKBP52-regulated AR activity [13]. MJC13
prevents hormone-dependent AR dissociation from the chaperone complex, which ultimately
inhibits AR translocation to the nucleus, prostate cancer cell proliferation, and growth of prostate tumor xenografts [13–15]. Thus, drugs that target FKBP52 proline-rich loop-AR BF3
interactions represent a novel and promising approach to prostate cancer therapy.
In addition to FKBP52, β-catenin, which is a well-documented regulator of AR-mediated
transcription [16–20], has also emerged as an attractive therapeutic target for prostate cancer
treatment. Ligand-bound AR competes with transcription factor 4 (TCF4) for regulation by βcatenin [21, 22]. In prostate cancer, free β-catenin regulates AR as a result of activation of wingless (Wnt) signaling pathways [20], and activation of the phosphoinositide 3-kinase (PI3K)/
protein kinase B (Akt) pathway is thought to be an upstream regulator of this event. Phosphatase and tensin homolog (PTEN) mutation or loss, and Wnt inhibitory factor 1 (WIF-1) downregulation are two events that promote Akt activation, which leads to deactivation of glycogen
synthase kinase 3β (GSK3β), thereby releasing cytoplasmic β-catenin to participate in nuclear
events with AR [23]. Several studies have been conducted to determine residues that are important for direct interaction between β-catenin and AR. β-catenin is capable of binding AR both
in the presence or absence of ligand; however, ligand addition increases β-catenin binding to
AR in co-immunoprecipitations from LNCaP cell lysates [17]. The armadillo repeats of β-catenin appear to be crucial for its interactions with AR, as found through yeast two-hybrid studies
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[20] as well as glutathione S-transferase (GST) pull-down assays [19]. In addition, mammalian
two-hybrid studies suggested that β-catenin interacts with AR activation function 2 (AF2) [18],
a site that is affected allosterically by small molecule binding at the AR BF3 surface [24]. Given
that BF3 is the putative binding and/or regulatory site for FKBP52, and both FKBP52 and βcatenin are known positive regulators of AR, we aimed to assess the idea that FKBP52 and βcatenin work in concert to regulate AR activity through the BF3 surface.

Results
The predicted β-catenin interaction site overlaps with AR BF3
Previous studies demonstrated that β-catenin interacts directly with AR to potentiate receptor
activity. While the AR ligand binding domain (LBD) and N-terminus were shown to be important for this functional interaction in yeast [20], mammalian two-hybrid studies suggested that
β-catenin binds to the AR AF2 to modulate the effects of the N-terminus on ligand-dependent
activity [18]. The recently solved co-crystal structure of the liver receptor homolog-1 (LRH-1)
hinge-LBD bound to β-catenin demonstrated that LRH-1 and AR bind to a similar surface on
β-catenin [25]. Given the high degree of structural similarity in the LBD among members of
the nuclear receptor superfamily, it is also likely that LRH-1 and AR share a similar β-catenin
interaction surface. Fig 1A illustrates the three-dimensional structure of the complex of LRH-1
LBD bound to β-catenin that was used for modeling the structure of AR LBD with β-catenin.
In Fig 1B the crystal structure of the AR LBD is overlaid onto the LRH-1 LBD by superposition
of the common Cα atoms. Super positions of atomic coordinates and molecular drawings were
done using Swiss-Pdb Viewer [26]. This model predicts that β-catenin interacts with an AR
surface that is near the characterized BF3 surface. This surface is highlighted by the presence of
flufenamic acid, a known BF3 binding molecule. In this predictive model for AR interaction
with β-catenin, flufenamic acid is within 8 Å of β-catenin. Based on this model, we predict that
β-catenin interacts with an AR surface that overlaps with the recently characterized BF3 surface
[24], which also represents the putative MJC13 binding site on the AR-FKBP52 complex [13].

FKBP52 directly interacts with β-catenin to promote interaction with AR
Given that FKBP52 and β-catenin are predicted to co-regulate AR activity through overlapping
surfaces we not only assessed the ability of FKBP52 to interact directly with β-catenin in vitro
in the absence of other proteins (Fig 2A), but also the ability of FKBP52 to influence β-catenin
interaction with AR (Fig 2B and 2C). Recombinant human FKBP52 co-precipitated with
recombinant GST-tagged β-catenin in a cell-free system, but failed to precipitate on glutathione
resin in the absence of GST-tagged β-catenin indicating a direct interaction between FKBP52
and β-catenin in the absence of other proteins (Fig 2A). In addition, the overexpression of
FKBP52 in 293T cells synergistically enhanced (4.5-fold) Vp16-β-catenin interaction with
Gal4-AR LBD in a mammalian two-hybrid assay as measured by hormone-dependent Gal4mediated luciferase reporter gene expression, whereas overexpression of Vp16-β-catenin or
FKBP52 alone did not significantly enhance hormone-dependent Gal4-responsive reporter
expression in the presence of Gal4-AR LBD (Fig 2B). Given that this assay can only assess
interactions in the presence of hormone-activated AR LBD, no conclusions regarding the
ligand-dependence of the interactions can be gleaned from these data. To further validate these
observations, we co-immunoprecipitated β-catenin with AR and FKBP52 from LNCaP prostate cancer cell lysates in the presence or absence of a transiently transfected siRNA targeting
FKBP52. While the presence or absence of hormone had no effect on the ability of FKBP52, βcatenin and AR to form a complex, the knockdown of FKBP52 protein levels significantly abrogated β-catenin interaction with AR (Fig 2C). Thus, FKBP52 interacts directly with β-catenin
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Fig 1. The Predicted β-Catenin Binding Site on AR is Near the Putative FKBP52 Regulatory Surface.
(A) Structure of the complex of nuclear receptor LRH-1 with β-catenin, PDB ID 3tx7. β-catenin is shown with a
semi-transparent surface in yellow revealing its secondary structure elements as ribbons. LRH-1 is shown
with blue ribbons for its secondary structure. The interfacial surface of these two molecules is shown in teal
on the β-catenin surface. (B) Flufenamic acid from PDB ID 2PIT is shown in purple spheres as it binds to the
androgen receptor shown with its secondary structure as teal colored ribbons. The Cα coordinates of
androgen receptor in 2PIT were superimposed with the Cα coordinates of LRH-1 in 3TX7.
doi:10.1371/journal.pone.0134015.g001

in the absence of other factors and promotes β-catenin interaction with AR independent of
ligand.

FKBP52 is required for β-catenin potentiation of AR activity
Since the AR BF3 surface is the putative binding and/or regulatory site for FKBP52 [13] and
both FKBP52 and β-catenin are known positive regulators of AR, it is possible that FKBP52
and β-Catenin work in concert at this surface. Thus, we aimed to assess the effect of FKBP52
on β-catenin potentiation of AR activity. The fkbp52-deficient mouse embryonic fibroblast
(52KO MEF) cell line provides a true FKBP52-negative background in which to assess the ability of β-catenin to potentiate AR activity. Thus, we assessed the ability of β-catenin or the degradation-resistant β-catenin (S33A) mutant to potentiate hormone-dependent and hormoneindependent AR-mediated luciferase reporter gene expression in the presence or absence of
FKBP52 (Fig 3A). While overexpression of β-catenin, or β-catenin (S33A), alone had no

PLOS ONE | DOI:10.1371/journal.pone.0134015 July 24, 2015

4 / 19

FKBP52 and β-Catenin Regulation of AR Activity

Fig 2. FKBP52 Directly Interacts with β-Catenin to Promote Interaction with AR. (A) In vitro GST-pull
down assays were performed with purified, recombinant FKBP52 alone, GST-Tagged β-catenin alone, and
both recombinant proteins together. Proteins were visualized on Western Blots with primary antibodies
specific to human FKBP52 and β-catenin. (B) A mammalian two-hybrid assay assessing the DHT-dependent
activity of a Gal4-mediated luciferase reporter in the presence or absence of a Gal4-AR LBD fusion, Vp16-βcatenin and/or FKBP52 demonstrating that FKBP52 potentiates VP-16-β-catenin/AR interaction in 293 cells.
Asterisks (***) denote that hormone-dependent reporter expression in the presence of FKBP52, Vp16-βcatenin, and Gal4-AR LBD was significantly enhanced (p values ranging from < 0.01 to < 0.001) as compared
to all other conditions. Hormone-dependent reporter expression in the presence of Gal4-AR LBD with
FKBP52 or β-catenin alone did not significantly differ (p > 0.05) from the control with Gal4-AR LBD alone. C.
A co-immunoprecipitation to detect β-catenin interaction with FKBP52 and AR with and without DHT and
FKBP52 siRNA in LNCaP cell lysates. β-catenin was immunoprecipitated and blots probed for AR, FKBP52
or β-catenin. Inputs are shown at bottom. Note that FKBP52 knockdown results in reduced AR/β-catenin
interaction despite similar levels of input.
doi:10.1371/journal.pone.0134015.g002
PLOS ONE | DOI:10.1371/journal.pone.0134015 July 24, 2015
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Fig 3. FKBP52 is Specifically Required for β-Catenin Potentiation of AR Activity. (A) AR-mediated luciferase assay in 52KO MEFs in the presence of
the indicated transiently transfected expression plasmids with (Black bars) or without (grey bars) dihydrotestosterone (DHT). The asterisks denote a
statistically significant difference (***p < 0.001; ****p < 0.0001) as compared to vector alone for each hormone condition. Hormone-dependent receptor
activity in the presence FKBP52 and β-catenin also significantly differed as compared to activity in the presence of FKBP52 and β-catenin (S33A) (p < 0.001).
The activity in the presence of FKBP52 and wild type or mutant β-catenin was also significantly higher in the presence of hormone than in the absence
(p < 0.0001). All other conditions did not significantly differ from the vector alone control, or from each other for each hormone condition. (B) DHT-dependent
activity of a Gal4-mediated luciferase reporter in the presence or absence of a Gal4-AR LBD fusion, β-catenin (S33Y) and/or FKBP52 was assessed in HeLa
cells. The asterisks denote a statistically significant difference (**p < 0.01; ***p < 0.001) as compared to Gal4-AR LBD alone in the presence of DHT.
Hormone-dependent Gal4-AR LBD activity in the presence of both β-catenin (S33Y) and FKBP52 was also significantly (p < 0.001) potentiated as compared
to activity in the presence of either β-catenin (S33Y) or FKBP52 alone. (C) The same as in (B), except that transient, siRNA-mediated FKBP52 knockdown
was assessed instead of overexpression. The asterisks denote a statistically significant difference (***p < 0.001) as compared to Gal4-AR LBD alone in the
presence of DHT. Hormone-dependent Gal4-AR LBD activity in the presence of both β-catenin (S33Y) and Si-FKBP52 was also significantly (p < 0.001)
reduced as comparecd to activity in the presence of β-catenin (S33Y) alone. (D) As a control for AR specificity, β-catenin (S33Y) potentiation of
TCF4-mediated luciferase activity in HeLa cells was assessed in the presence or absence of FKBP52 overexpression. The asterisks denote a statistically
significant (***p < 0.001) potentiation of TCF4-mediated luciferase activity as compared to all other conditions in the absence of β-catenin (S33Y).
TCF4-mediated luciferase activity in the presence of β-catenin (S33Y) was not statistically (p > 0.05) different in the presence or absence of FKBP52.
doi:10.1371/journal.pone.0134015.g003

significant effect on AR-mediated luciferase expression in this system, the co-expression of
FKBP52 with β-catenin, or β-catenin (S33A), resulted in an impressive synergistic up-regulation of both hormone-dependent (17- and 25-fold enhancement respectively as compared to
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vector alone) and hormone-independent (10-fold enhancement as compared to vector alone)
AR activity. Based on these data, we conclude that β-catenin potentiation of AR activity in
52KO MEF cells requires the presence of FKBP52, and that this co-regulation can promote
hormone-independent receptor-mediated reporter expression in this system.
To rule out the possibility that the observed effects were unique to the specific reporter system and/or cell line used, we also assessed the effects of FKBP52 overexpression (Fig 3B) and
transient siRNA-mediated FKBP52 knockdown (Fig 3C) on β-catenin (S33Y)-mediated potentiation of the Gal4 DNA binding domain (DBD)-AR LBD chimeric protein (Gal4-AR LBD) in
the presence of a Gal4-responsive luciferase reporter in HeLa cells. Any effects observed in this
system can be attributed to regulation of the AR LBD alone. While the overexpression of either
FKBP52 or β-catenin (S33Y) alone in HeLa cells, which endogenously express FKBP52 and βcatenin, resulted in a 1.5 and 4-fold enhancement of Gal4-AR LBD activity respectively, the coexpression of both proteins resulted in a 9-fold enhancement of Gal4-AR LBD activity (Fig
3B). Conversely, siRNA-mediated knockdown of FKBP52 in the presence or absence of β-catenin (S33Y) overexpression in HeLa cells resulted in a 2-fold and 4-fold reduction of Gal4-AR
LBD activity respectively as compared with cells overexpressing β-catenin (S33Y), but not
treated with siRNA directed against FKBP52 (Fig 3C). Thus, FKBP52 and β-catenin also coregulate the activity of the Gal4-AR LBD fusion protein in HeLa cells. No enhancement of hormone-independent AR activity was observed in this system, which may reflect the fact that
these assays only assess effects on the AR LBD alone only in the presence of hormone. Overexpression of FKBP52 in HeLa cells had no effect on wild type or mutant β-catenin potentiation
of the TCF4-responsive TOP-flash reporter plasmid indicating that FKBP52 demonstrates regulatory specificity for β-catenin potentiation of AR activity independent of β-catenin/
TCF4-mediated gene transcription (Fig 3D). These data also indicate that the observed effects
are not likely due to general effects on transcription, translation, and protein stability.

FKBP52 and β-catenin co-regulate AR in 22Rv1 prostate cancer cells
The data indicate that FKBP52 and β-catenin co-regulate AR activity in HeLa and 52KO MEF
cells. Demonstrating that this co-regulatory mechanism is relevant in a prostate cancer setting
required a prostate cancer cell line with stable knockdown of FKBP52 protein in which to
assess β-catenin effects on AR activity in the presence or absence of significant levels of
FKBP52. Stable knockdown of FKBP52 protein levels was attempted in LNCaP and PC3 prostate cancer cell lines without success. Based on available evidence, the knockdown of FKBP52
is expected to significantly reduce AR signaling leading to a loss of proliferation in AR-dependent prostate cancer cells, which could prevent the selection of clonal populations. While this
is true for LNCaP cells, PC3 cells are known to lack AR responsiveness and the reasons for lack
of colony formation upon FKBP52 knockdown are unknown. However, we were able to
achieve stable, shRNA-mediated FKBP52 knockdown in 22Rv1 prostate cancer cells (Fig 4A,
top panel), which express both full length AR and a constitutively active, truncated AR protein
that supports AR-dependent growth in the absence of full length AR activity. The fact that we
were able to achieve knockdown in this cell line suggests that FKBP52 does not regulate activity
from the truncated AR protein, which is expected given that FKBP52 is known to act through
the receptor LBD [7]. FKBP52 knockdown had no effect on both full length and truncated AR
protein levels (Fig 4A, top panel), but did significantly reduce hormone-dependent expression
of an AR-mediated luciferase reporter gene (Fig 4A, bottom panel). In DHT-treated cells, overexpression of β-catenin (S33A) in wild type 22Rv1 cells, which endogenously express FKBP52,
potentiated AR-mediated expression of a luciferase reporter up to 3-fold as compared with the
vector control. shRNA-mediated knockdown of FKBP52 led to overall decreased signaling by
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Fig 4. FKBP52 is Required for β-Catenin Potentiation of AR in 22Rv1 Prostate Cancer Cells. (A) ARmediated probasin-luciferase activity was assessed at a range of hormone concentrations in 22Rv1 prostate
cancer cells stably transfected with a 19 base pair shRNA directed against FKBP52 (52KD) or wild type
22Rv1 cells. Significant differences at each hormone concentration are indicated (***p < 0.001). The upper
panels show Western blots for AR (both the full length and truncated ARs are shown), FKBP52, and GAPDH
as a loading control from 52KD and wild type 22Rv1 cell lysates. (B) A luciferase reporter assay using the ARinducible probasin-luciferase reporter plasmid in wild type and 52KD 22Rv1 cells with and without
overexpression of the indicated proteins in the presence or absence of 175 pM dihydrotestosterone (DHT).
Reporter expression in the presence of β-catenin (S33A) and DHT is significantly different from all other
conditions (p < 0.001). Wild type cells with empty vector alone in the presence of DHT also significantly
differed from all other conditions with p values ranging from < 0.05 to < 0.001. No conditions in the presence
of FKBP52 knockdown significantly differed from each other in pairwise comparisons (p>0.05).
doi:10.1371/journal.pone.0134015.g004

AR, both in the absence or presence of overexpressed β-catenin. While the overexpression of βcatenin trended towards increased AR activity in the presence of FKBP52 knockdown, this
activity was not statistically different from the vector control (Fig 4B). It is interesting to note
that the data in Fig 4B were not normalized to hormone-independent basal AR activity. While
many, including us, have reported the constitutive AR activity from the truncated AR protein

PLOS ONE | DOI:10.1371/journal.pone.0134015 July 24, 2015

8 / 19

FKBP52 and β-Catenin Regulation of AR Activity

in this cell line, our reporter assays with the probasin promoter consistently lack this basal
activity. While we don't have an answer as to why the truncated AR protein does not regulate
this reporter construct, this might suggest that the truncated protein displays promoter
specificity.

FKBP52 domain requirements for β-catenin co-regulation of AR
Given that FKBP52 can potentiate AR activity through interaction with Hsp90, and in the
absence of β-catenin in yeast, we aimed to determine if the pre-established domain and functional requirements for FKBP52 potentiation of AR activity alone directly mirror those of
FKBP52 co-regulation with β-catenin. While both Hsp90 binding and the FKBP52 prolinerich loop are known to be critical, FKBP52 PPIase catalytic activity is not required [7, 12]. We
took advantage of the FKBP52 mutants generated previously, including PPIase-deficient,
Hsp90-binding deficient, and proline-rich loop mutants, to characterize the FKBP52 domain
requirements for co-regulation with β-catenin using AR-mediated luciferase assays in 52KO
MEF cells (Fig 5). The FKBP52 mutation F130Y abrogates PPIase activity without disrupting
the conformation of the proline-rich loop, and without inhibiting FKBP52 potentiation of AR
activity alone [12]. We assessed FKBP52 (F130Y) for the ability to co-regulate AR activity with
β-catenin. The co-expression of FKBP52 (F130Y) with β-catenin (S33A) resulted in the synergistic up-regulation of AR-mediated luciferase reporter expression comparable to that observed
with wild type FKBP52 both in the absence and presence of hormone (Fig 5A). Both wild type
FKBP52 and FKBP52 (F130Y) overexpression resulted in a 9-fold enhancement of receptormediated reporter expression as compared to the vector control in the absence of hormone.
Thus, the PPIase-deficient mutant can also support hormone-independent receptor activity. In
addition, wild type FKBP52 and FKBP52 (F130Y) overexpression resulted in a 22-fold and
27-fold enhancement of hormone-dependent, receptor-mediated reporter expression respectively. These data are strikingly similar to those reported in Fig 3A. The co-expression of
FKBP52 (K354A), which completely lacks Hsp90 binding [7], with β-catenin (S33A) also
resulted in the synergistic up-regulation of AR-mediated luciferase reporter expression comparable to that observed with wild type FKBP52 both in the presence and absence of hormone
(Fig 5B). In this assay, FKBP52 (K354A) overexpression was able to enhance hormone-independent receptor activity up to 7-fold in addition to enhancing hormone-dependent activity
up to 15-fold. It is important to note that in this assay wild type FKBP52 overexpression did
enhance hormone-independent receptor activity, but the increase was not statistically significant as compared to vector alone. This reflects the fact that, while a trend for increased hormone-independent activity is present in all assays, this effect is not always consistently
significant. In contrast to that observed with FKBP52 alone, these data suggest that both PPIase
catalytic activity and FKBP52 binding to Hsp90 are not required for the synergistic up-regulation of both hormone-independent and hormone-dependent AR activity by FKBP52 and βcatenin.
Previous studies demonstrated that two mutations (A116V/L119P) in FKBP51, which does
not potentiate AR activity alone, conferred the ability to fully potentiate receptor activity similar to that of FKBP52 [12]. Given that these residues reside within the proline-rich loop, these
studies highlighted the importance of the proline-rich loop for potentiation of receptor activity.
Interestingly, while FKBP51 lacked the ability to co-regulate with β-catenin (S33A), the coexpression of FKBP51 (A116V/L119P) with β-catenin (S33A) resulted in the synergistic upregulation of AR-mediated luciferase reporter expression in the presence of hormone
(10-fold enhancement as compared to vector alone) (Fig 5C). These data suggest that the
FKBP52 proline-rich loop is critical for co-regulation of AR activity with β-catenin. While
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Fig 5. The FKBP52 Domain Requirements for FKBP52/β-Catenin Co-Regulation of AR Activity. (A-C)
Wild type AR, the AR-inducible luciferase reporter plasmid, and the constitutively active β-galactosidase
reporter plasmid were cotransfected simultaneously with each of the plasmids indicated for the different
treatment groups in 52KO MEF cells. Cells were induced with 10 pM DHT or ethanol. Following cell lysis, AR
expression was tested through a luciferase assay, followed by normalization to β-galactosidase activity. In all
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graphs, statistically significant differences as compared to the vector alone control for each hormone
condition are denoted by asterisks (*p < 0.05; ***p < 0.001). (A) The assay was performed in the presence
or absence of FKBP52, β-catenin (S33A), and the PPIase-deficient FKBP52 mutant FKBP52 (F130Y). The
PPIase-deficient FKBP52 mutant retains the ability to synergize with β-catenin (S33A) indicating that PPIase
enzymatic activity is not critical for synergy. (B) The assay was performed in the presence or absence of βcatenin (S33A), FKBP52, and the Hsp90 binding-deficient mutant FKBP52 (K354A). FKBP52 binding to
Hsp90 is not required for the synergistic upregulation of AR activity by FKBP52 and β-catenin. C. The assay
was performed in the presence or absence of β-catenin (S33A), FKBP52, FKBP51, and the FKBP51 (A116V/
L119P) mutant. The FKBP51 gain of function mutant exhibits substantial synergism with β-catenin indicating
that the FK1 domain and the proline-rich loop are important for synergy.
doi:10.1371/journal.pone.0134015.g005

FKBP51 (A116V/L119P) was capable of synergizing with β-catenin to promote hormonedependent receptor activity, we observed no statistically significant enhancements of hormone-independent receptor activity, nor a trend for enhancement in the presence of FKBP51
(A116V/L119P). These data may suggest that functional residues and domains on FKBP52
other than the proline-rich loop may contribute to FKBP52/β-catenin potentiation of hormone-independent receptor activity. However, we are cautious in making such a conclusion
given that the hormone-independent effects lack consistency.

MJC13 blocks β-catenin interaction with AR
Our data suggest that FKBP52 promotes β-catenin interaction with AR, and that the βcatenin interaction site overlaps with the AR BF3 surface. Thus, we aimed to determine if the
FKBP52-specific AR inhibitor MJC13, which is thought to target the AR BF3 surface [13],
could inhibit β-catenin interaction with AR and β-catenin regulation of AR activity (Fig 6). βcatenin was co-immunoprecipitated with Gal4-AR LBD from 293 cell lysates pretreated with
and without DHT and MJC13. While the presence of hormone or MJC13 alone had no effect,
MJC13 significantly blocked β-catenin interaction with Gal4-AR LBD in the presence of hormone (Fig 6A). In addition, MJC13 significantly abrogated Vp16-β-catenin interaction with
Gal4-AR LBD in a mammalian two-hybrid assay as measured by Gal4-mediated luciferase
reporter gene expression in 293 cells (Fig 6B). To further validate these findings we assessed
the ability of MJC13 to inhibit the synergistic up-regulation of AR-mediated reporter gene
expression by FKBP52 and β-catenin in 52KO MEF cells. MJC13 completely inhibited both
hormone-independent and hormone-dependent AR activity mediated by FKBP52 and β-catenin at low micro molar concentrations (Fig 6C).

Discussion
While previous studies suggested that β-catenin binds the AR AF2 [18], a co-crystal structure
of β-catenin in complex with the LBD of the orphan nuclear receptor LRH-1 suggests involvement between the fifth armadillo repeat of β-catenin and a surface that overlaps with a region
analogous to the AR BF3 surface (Fig 1). Interestingly, the FKBP52 cochaperone is thought to
regulate AR through the BF3 surface [13], and our data indicate that FKBP52 directly interacts
with β-catenin to promote β-catenin interaction with AR leading to a synergistic up-regulation
of AR activity. Given that FKBP52 is ubiquitously expressed in all cell lines and tissues tested to
date, all previous functional studies that observed β-catenin co-activation of AR activity were
performed in the presence of FKBP52. Our assays in the 52KO MEF cells (Figs 3A and 6) are
the first to highlight that the presence of FKBP52 is required for β-catenin to co-activate AR.
These data are further validated in the Gal4-tk-Luc model in HeLa cells and in the 22Rv1 prostate cancer cells, where the degree of β-catenin co-activation of AR activity correlates with the
level of FKBP52 expression (Figs 3B, 3C and 4).
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Fig 6. The FKBP52-Specific AR Inhibitor MJC13 Blocks β-Catenin Interaction with AR and
Potentiation of AR Activity. (A) A co-IP assay to detect β-catenin interaction with Gal4-AR LBD in 293 cells.
Proteins were immunoprecipitated with an anti-Gal4 antibody in lysates from 293 cells treated with or without
indicated concentrations of DHT and MJC13. AR LBD was precipitated and blots probed for AR or β-catenin
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+/- DHT and MJC13. Inputs are shown at bottom. (B) A mammalian two-hybrid assay assessing the DHTdependent activity of a Gal4-mediated luciferase reporter in the presence of a Gal4-AR LBD fusion with and
without Vp16-β-catenin and 30 μM MJC13. MJC13 significantly (***p < 0.001) inhibits hormone-dependent
Vp16 β-catenin/Gal4-AR LBD interaction in 293. Both conditions in the presence of Vp16 β-catenin were
significantly (p < 0.001) enhanced as compared to hormone-dependent activity in the presence of Gal$-AR
LBD alone. (C) 52KO MEFs were co-transfected with FKBP52, β-catenin (S33A), wild type AR, the ARinducible luciferase reporter plasmid, and the constitutively active β-galactosidase reporter plasmid. After a 1
hour soak with a range of concentrations of MJC13, cells were induced with 10 pM DHT or ethanol for 16
hours. Following cell lysis, AR expression was assessed by luciferase assay. The data represent the average
reporter expression (luciferase activity/β-galactosidase activity +/- standard deviation) of four replicates.
MJC13 significantly (p < 0.001) inhibited hormone-dependent activity at all concentrations at or above 1 μM.
MJC13 significantly inhibited hormone-independent activity at the 2.5 μM (p < 0.05), 5 μM (p < 0.01), and
10 μM (p < 0.05) concentrations.
doi:10.1371/journal.pone.0134015.g006

Our data demonstrate that FKBP52 not only binds directly to β-catenin, but also promotes
β-catenin interaction with the AR LBD (Fig 2). Since AR competes with TCF4 for β-catenin
binding [21], the presence of FKBP52 may be enough to shift β-catenin to favor AR over TCF4.
Indeed, ligand-bound AR decreases the transcriptional activity of TCF4 in prostate cancer,
colon cancer [21], and neurons [16]. Because FKBP52 is overexpressed in prostate cancer
patients [27], it is feasible that overexpression of FKBP52 could be the cause of increased AR
co-activation by β-catenin in prostate cancer. When androgen ablation is utilized as a treatment, β-catenin is thought to shift away from the AR signaling pathway to participate in TCF4
signaling, and this could be a reason for relapse [23]. Additionally, acetylation by p300 at K345
on the sixth armadillo repeat of β-catenin leads to enhancement of β-catenin/TCF4 interactions while causing decreased binding affinity for AR. In prostate cancer, p300 acetylation
could either prevent AR binding directly by β-catenin, as suggested by Levy et al. [28], or it
could alternatively affect FKBP52 binding to β-catenin, thereby favoring the binding of TCF4
over AR.
Our data suggest that we have discovered a novel mechanism by which FKBP52 and β-catenin regulate the androgen receptor independent of the well-characterized role of FKBP52
within the Hsp90 complex. This is supported by the fact that the receptor specificity for
FKBP52 potentiation of receptor function alone does not mirror that for FKBP52 co-regulation
of receptor activity with β-catenin. While FKBP52 is known to functionally interact with AR,
GR and PR [6–8], β-catenin only interacts strongly with AR, but not GR and PR [20]. GR and
PR do interact with Wnt signaling members but not β-catenin directly [29]. The lack of β-catenin interaction with GR and PR is also supported by the fact that we have been unable to
observe functional effects on GR and PR activity when β-catenin is overexpressed. In addition
to distinct receptor specificity, the co-regulation of AR by FKBP52 and β-catenin also has distinct domain requirements.
The regulation of AR activity by the FKBP52 cochaperone alone has been extensively
studied and much has been learned about the FKBP52 domain and residue requirements for
function (reviewed in [30]). FKBP52 associates with androgen receptor within the Hsp90 heterocomplex through interaction with the C-terminal EEVD motif in Hsp90. We were unable
to detect a direct interaction between FKBP52 and AR LBD in vitro in the absence of other proteins. However, evidence suggests that FKBP52 at least contacts the receptor within the context
of the Hsp90 multi-chaperone complex. Previous studies in yeast demonstrated that FKBP52
binding to Hsp90 is required for regulation of AR activity [7]. In contrast, our data suggest that
FKBP52 co-regulation of AR activity with β-catenin does not require FKBP52 binding to
Hsp90 (Fig 5B). While FKBP52 PPIase activity is not required, the proline-rich loop overhanging the PPIase catalytic pocket, which likely represents an interaction surface, is critical for
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both FKBP52 regulation of AR activity alone [12] and FKBP52 co-regulation with β-catenin
(Fig 5A and 5C).
We previously demonstrated that mutations within the AR BF3 surface result in increased
dependence on FKBP52 for function, and MJC13, which specifically inhibits FKBP52-regulated AR activity, is predicted to target the AR BF3 surface [13]. Based on these studies the AR
BF3 surface, in particular the region containing P723 and F673, has been labeled a putative
FKBP52 interaction and/or regulatory surface. Given that FKBP52 binds β-catenin to promote
β-catenin binding to the AR LBD (Fig 2), it is possible that FKBP52 regulation through the AR
BF3 surface is indirect through interaction with β-catenin. Both FKBP52 and β-catenin may
also be part of a larger complex of proteins that acts through the BF3 surface. Indeed, the long
isoform of the cochaperone BCL2-associated athanogene (Bag-1L) was recently demonstrated
to regulate AR through the BF3 surface and further studies are needed to understand how regulation by Bag-1L is related, if at all, to FKBP52/β-catenin co-regulation [31]. In addition, given
that FKBP52 co-regulation with β-catenin is independent of Hsp90 and specific for AR, we
propose that FKBP52 potentiation of AR, GR and PR activity within the Hsp90 chaperone
complex occurs at a receptor surface that is distinct from BF3. This could also explain why
MJC13, which is thought to target the AR BF3 surface, shows specificity for AR as compared to
GR. In support of this idea, recent studies suggest that the Helix 1–3 (H1-H3) loop in the GR
LBD is important for FKBP regulation and may represent an FKBP52 regulatory site [32].
Thus, FKBP52 likely regulates distinct sites on AR at distinct steps within the AR signaling
pathway.
Our data also suggest a role for FKBP52 and β-catenin in promoting hormone-independent
AR activity given that FKBP52 synergized with β-catenin to promote AR-mediated expression
of a reporter gene in the 52KO MEF cells in the absence of hormone addition (Figs 3A, 5A and
5B), although this effect was not consistently significant between assays (Fig 5B and 5C). This
effect was not observed in the Gal4-tk-Luc model in HeLa cells (Fig 3B and 3C), but this system
only measures activity from the AR LBD in the presence of hormone and cannot be used to
assess hormone-independent effects. We also did not observe effects on hormone-independent
AR activity when β-catenin was overexpressed in wild type 22Rv1 prostate cancer cells, a system in which endogenous FKBP52 is present. Thus, no firm conclusions can be drawn from
these observations given the inconsistent nature of the data.
Regardless of the manner in which FKBP52 and β-catenin interact to regulate AR activity,
our data demonstrate a clear synergistic relationship that is abrogated by treatment with
MJC13 (Fig 6). MJC13 is known to specifically inhibit FKBP52-regulated AR activity. However,
our data expand the repertoire of MJC13 targets to include both FKBP52- and β-catenin-regulated AR activity. Given that binding at the AR BF3 surface is known to allosterically affect
AF2 conformation [24], FKBP52 interaction with β-catenin to regulate AR through the BF3
surface could indirectly affect co-activator binding at AF2. Thus, our data present the possibility that MJC13 targets a variety of factors relevant for the disruption of AR signaling in PCa.

Materials and Methods
Plasmids and reagents
Mammalian expression vectors for human FKBP52, β-catenin wild type, β-catenin constitutive
active mutant (S33Y), Gal4-AR LBD, Gal4-tk-luc, and TOP-luc were described previously [13,
25]. The FKBP51 and FKBP52 mutants were previously described [12], but the mutations were
regenerated directly in the pCI-neo mammalian expression vector using the Quick Change II
Site Directed Mutagenesis Kit (Cell Signaling Technologies) according to the manufacturer’s
instructions. The degradation-resistant β-catenin S33A mutant was generated directly in the
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mammalian expression plasmid for β-catenin using the Quick Change II Site Directed Mutagenesis Kit (Cell Signaling Technologies) according to the manufacturer’s instructions. VP16β-catenin was constructed by inserting an NheI-XbaI digested DNA fragment from pCI-neoβ-catenin into the XbaI digested pACT vector (Promega). Dihydrotestosterone (DHT) and
MJC13 were described previously [13, 25].

Cell culture and transient transfection
22Rv1 prostate cancer cells, 293T fibroblasts, and HeLa cells were obtained commercially
(American Type Culture Collection). LNCaP cells were a kind gift from Don Tindall (Mayo
Clinic, Rochester, MN) and were originally obtained from the American Type Culture
Collection. The fkbp52-deficient mouse embryonic fibroblasts (52KO MEF) were previously
described [8]. All cells were maintained at 5% CO2 in the presence of 10% fetal bovine serum
(FBS) unless otherwise indicated. 52KO MEF cells were maintained in Minimal Essential
Medium (MEM)/Earl’s Balanced Salt Solution (EBSS) with 2 mM L-glutamine (Thermo Scientific). LNCaP cells were maintained in RPMI 1640 supplemented with L-glutamine. 22Rv1
cells were maintained in RPMI-1640 medium with 25mM HEPES and L-Glutamine (Thermo
Scientific), and supplemented with the following reagents, when not provided in medium: 1%
Pyruvate (Thermal Scientific), 1% MEM-non essential amino acids (Thermal Scientific), and
1% Pen-Strep (Thermal Scientific). HeLa cells and 293T cells were maintained in Dulbecco's
modified Eagle's medium (DMEM). 24 hours prior to transfection all cells were switched to
medium containing Charcoal/Dextran Treated Fetal Bovine Serum (FBS) (HyClone). For
transfection of 52KO MEF, 22Rv1 and 52KD 22Rv1 cells, cells were plated in 6-well plates and
allowed to reach 80% confluence prior to transfection. Cells were transfected with Lipofectamine 2000 (Invitrogen Life Technologies) at a DNA to lipofectamine ratio of 1:3 in MEM-EBSS
lacking FBS according to the manufacturer’s instructions. Typically, transfections included a
constitutive β-galactosidase reporter plasmid (pCMVβ; Clonetech) as a transfection control, a
firefly luciferase reporter plasmid (pT81, American Type Culture Collection) driven by the
androgen-dependent probasin promoter, a human AR expression plasmid, and plasmids
expressing the indicated FKBP and β-catenin variants, or empty parent vector control. For
transient transfection of HeLa, LNCaP, and 293T cells, cells were plated in 24-well plates and
transfected with expression plasmids, reporter plasmid, and the control β-galactosidase expression plasmid (pCMV-β) using Fugene HD Transfection reagent (Roche) according to manufacturer’s instructions. Total amounts of expression vector plasmids were kept constant by the
addition of appropriate amounts of empty pCMV vector. The siRNA for FKBP52 (ID no. s48)
was purchased from Ambion. HeLa cells and LNCaP cells were transfected with siRNA (100
nM) using Lipofectamine RNAiMAX reagent (Invitrogen Life Technologies) according to
manufacturer’s instructions.

Stable FKBP52 knockdown in 22Rv1 cells
To generate stable FKBP52 knockdown in 22Rv1 prostate cancer cells, an shRNA specific for
FKBP52 and scrambled shRNA control [6] were subcloned into the pSilencer 2.1-U6 hygro
plasmid (Invitrogen Life Technologies) according to the manufacturer’s recommendations.
Cells were transfected with 1 μg/35 mm well using Lipofectamine 2000 (Invitrogen Life Technologies) in Opti-MEM medium (Invitrogen Life Technologies) according to the manufacturer’s protocol. Complete RPMI 1640 medium with 10% FBS medium was added after 6 h of
incubation with the transfection reagents. After 48 hours 200 μg/ml hygromycin was added
and after two weeks single clones were picked and expanded. The hygromycin concentration

PLOS ONE | DOI:10.1371/journal.pone.0134015 July 24, 2015

15 / 19

FKBP52 and β-Catenin Regulation of AR Activity

for selection was determined by titration prior to the beginning of the experiment. The absence
of FKBP52 protein was assessed by Western immunoblot as described below.

Luciferase reporter assays
For all reporter assays systems, the single hormone concentrations used were determined from
hormone dose-response curves. For assessing FKBP52 and/or β-catenin regulation we chose a
dose near the bottom of the curve to maximize the observed AR potentiation. Twenty-four
hours after transfection, medium was replaced with medium containing the indicated concentrations of dihydrotestosterone (DHT). After approximately 16 hours of incubation with
hormone, cells in each well were lysed using 100μL mammalian protein extraction reagent
(M-PER) (Pierce) supplemented with Complete ethylenediaminetetraacetic acid (EDTA)-free
Mini Protease Inhibitor (Roche) and clarified in a microcentrifuge. Approximately 100 μl of
lysate from each experimental condition was used for the luciferase assay and the remainder
was used for Western Immunoblots as described below. AR-mediated luciferase expression
was quantified by mixing 40 μL of cell lysate with 100 μL of luciferase assay reagent (Promega)
in a 96-well plate. β-galactosidase expression was quantified by adding 20 μL cell lysate with
100 μL of Tropix Gal-Screen (Applied Biosystems). The 96-well plates were incubated at room
temperature (incubation time was 5 minutes for the luciferase assay and 2 hours for the βgalactosidase assay), followed by quantification of luminescence in a microplate luminometer
(Luminoskan Ascent, Thermo Labsystems). Luminescence was measured in Relative Light
Units (RLU) and normalized to β-galactosidase activity (luciferase RLU/ β-galactosidase) to
control for transfection efficiency. Finally all data were normalized to a percentage of the maximum luciferase activity. All figures are representative of at least three independent experiments
with similar results. Where indicated, statistically significant differences were determined by
one-way analysis of variance followed by pair-wise comparisons using Bonferroni multiple
comparisons tests with a 95% confidence interval. For assays with the Gal4-tk-Luc reporter in
HeLa cells, cells maintained in 10% charcoal-stripped serum were treated with or without
10 nM dihydrotestosterone (DHT) and 30μM MJC13 for 24 h following transfection. Luciferase and β-galactosidase activities were assayed as previously described [25]. The levels of luciferase activity were normalized to β-galactosidase expression.

Mammalian two-hybrid assay
Mammalian two-hybrid assay was performed with 293T cells. Plasmids for Gal4-DBD fused to
the AR LBD and plasmids for VP16-AD fused to the full-length β-catenin with Gal4-tk-luc
reporter were cotransfected into 293T cells. Cotransfected cells maintained in 10% charcoalstripped serum were treated with and without 10 nM DHT and 30μM MJC13 for 24 h following transfection. Luciferase and β-galactosidase activities were assayed as previously described
[25]. The levels of luciferase activity were normalized to β-galactosidase expression.

Co-immunoprecipitations
Co-immunoprecipitations were performed from extracts of LNCaP cells that were transfected
with FKBP52 siRNA or 293T cells that were co-transfected with Gal4-AR LBD and β-catenin
expression plasmids. Transfected or co-transfected cells maintained in 10% Charcoal-stripped
serum were treated with and without 10 nM DHT and 30μM MJC13 following transfection,
and harvested in RIPA cell lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2.5 mM
EGTA, 1% NP-40, Protease inhibitor cocktail (Roche)). Whole-cell lysate was incubated with
2 μg of anti-β-catenin or anti-Gal4 antibody (Santa Cruz Biotechnology) for 4 hours at 4ºC,
and was further incubated for another 12 hours after the addition of 30 μl of protein A/G
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agarose bead slurry (Santa Cruz Biotechnology). Agarose beads were washed three times with
RIPA buffer at 4ºC, and bound proteins were separated by SDS-PAGE. Proteins on the gels
were transferred to a PVDF membrane, subjected to Western blot analysis with anti-AR (Santa
Cruz Biotechnology), anti-FKBP52 (Cell Signaling Technologies), anti-β-catenin (Santa Cruz
Biotechnology), and anti-GAPDH (Cell Signaling Technologies) antibodies, and then detected
with an ECL kit (Amersham Pharmacia).

GST pull-down assay
For the GST pull-down assays 20 μL of Glutathione-Sepharose 4B (GE Healthcare, Sweden)
suspended resin per assay condition was added to microcentrifuge tubes, centrifuged at 4°C,
and the supernatant was removed. Resin beds were washed in ice-cold Binding Buffer (50mM
HEPES pH 7.4, 50mM KCl, 10mM MgCl2, 0.01% Tween 20, 1 mM DTT) supplemented with
EDTA free, Halt protease inhibitor cocktail (Pierce, Rockford, IL) and resuspended in 400 μL
of Binding Buffer. Recombinant GST-Tagged β-catenin (Millipore, Tamecula, CA) or buffer
control was preloaded onto the resin by gently mixing by inversion for 1.5 hours at 4°C. All
tubes were centrifuged at 4°C and the supernatant was removed. The resin beds were then
washed three times with ice-cold Wash Buffer (50mM HEPES pH 7.4, 50mM KCl, 10mM
MgCl2, 0.08% Tween 20, 1 mM DTT) supplemented with EDTA free, Halt protease inhibitor
cocktail (Pierce). Samples were resuspended in 400 μL Binding Buffer and an equimolar
amount of recombinant C-terminal 6xhistidine-tagged FKBP52 protein or buffer control was
added where indicated. The purification of functional 6xhistidine-tagged FKBP52 was previously described [33]. All samples were gently mixed by inversion for 1.5 hours at 4°C and then
clarified. Samples were washed in Wash Buffer three times and 15 μL of beta-mercaptoethanol/
4 x sodiumdodecylsulfate solution was added to each sample, including input samples of
FKBP52 and β-catenin protein, and all samples were heat denatured at 95°C for 5 minutes.
Proteins were separated by electrophoresis, transferred to Immobilon polyvinylidene fluoride
(PVDF) membranes (Millipore), and Western immunoblots were performed as detailed below.

Western immunoblot
Western immunoblots were performed using the prepared lysates from assays as described
above. Total cellular protein concentrations were determined by Coomassie Plus (Bradford)
Protein Assay (Thermo Fisher Scientific Inc., Rockford, IL). Equivalent amounts of protein
were loaded for each sample on 10–20% Criterion gels (BioRad), proteins were separated by
electrophoresis, and proteins were transferred to Immobilon PVDF membranes (Millipore)
following standard procedures. The following primary antibodies were used to detect proteins
of interest: Rabbit polyclonal anti-β-catenin (Millipore), mouse monoclonal anti-FKBP52
(Hi52D, epitope in the FK1 domain) [34], rabbit polyclonal anti-AR (N-20; Santa Cruz
Biotechnology), and mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Biodesign International) as a loading control. The secondary antibodies used included AP-conjugated goat anti-rabbit and anti-mouse IgG secondary antibodies (Southern Biotechnology).
The ImmunStar Alkaline Phosphatase Substrate (BioRad) was applied prior to exposing to Xray films for development and detection of antibodies.
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